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1 
APPARATUS FOR GENERATING AND 
STORING ELECTRIC ENERGY 
CROSS-REFERENCE TO RELATED 
APPLICATION 
2 
The DSSC may include a first electrode formed on the 
surface of the fiber, a plurality of nanowires that are formed on 
the first electrode and include an oxide semiconductor, a 
photosensitive dye disposed between the nanowires, a second 
electrode that surrounds the nanowires, and an electrolyte that 
fills a space between the first electrode and the second elec-
trode. In this regard, a plurality of nanowires may be further 
formed between the first electrode and the second electrode. 
The DSSC may further include a third electrode formed on 
This application claims priority from Korean Patent Appli-
cation No. 10-2011-0141728, filed on Dec. 23, 2011, in the 
Korean Intellectual Property Office, the disclosure of which is 
incorporated herein in its entirety by reference. 
BACKGROUND 
1. Field 
10 the second electrode, a plurality ofnanowires formed on the 
third electrode, a photosensitive dye disposed between the 
nanowires, a fourth electrode that surrounds the nanowires, 
and an electrolyte that fills a space between the third electrode 
and the fourth electrode. 
Apparatuses consistent with exemplary embodiments 15 
relate to apparatuses for generating and storing electric 
energy, and more particularly, to an apparatus for generating 
and storing electric energy in which an electric energy gen-
eration unit and an electric energy storage unit are disposed 20 
on a flexible fiber. 
2. Description of the Related Art 
The supercapacitor may include a first electrode formed on 
the surface of the fiber, a plurality of nanowires that are 
formed on the first electrode and include an oxide semicon-
ductor, a second electrode that surrounds the nanowires, and 
an electrolyte that fills a space between the nanowires and the 
second electrode. The supercapacitor may further include a 
third electrode formed on the second electrode, a plurality of 
nanowires formed on the third electrode, a fourth electrode 
that surrounds the nanowires, and an electrolyte that fills a 
space between the nanowires and the fourth electrode. 
The first electrode of the piezoelectric generator, the first 
electrode of the DSSC, and the first electrode of the superca-
pacitor may be electrically connected to one another to form 
a common electrode. Alternatively, the first electrode of the 
piezoelectric generator, the first electrode of the DSSC, and 
Typical electric energy generating devices designed on a 
hard material have low flexibility and thus it is difficult to use 
them together with flexible electronic devices and it is also 25 
difficult to use them in electronic devices that require small 
sizes and light weights. Recently, a technology for harvesting 
energy has drawn attention. Devices for harvesting energy by 
using such a technology may be new environmentally-
friendly energy generating devices capable of converting 
solar energy or mechanical energy generated from a motion 
30 the first electrode of the supercapacitor may be electrically 
disconnected from one another. 
of a human body or micro vibration that exists in the environ-
ment into electric energy and collecting the electric energy. In 
addition, research on flexible and stretchable apparatuses for 
generating and storing energy by using a nano system capable 35 
of gathering electric energy from the environment thanks to 
advances in nanotechnology has recently been conducted. 
SUMMARY 
The first electrode of the piezoelectric generator, the first 
electrode of the DSSC, and the first electrode of the superca-
pacitor each may include a metal material. 
The second electrode of the piezoelectric generator, the 
second electrode of the DSSC, and the second electrode of the 
supercapacitor each may include one of graphene, carbon 
nanotubes (CNTs ), and metal nanowires. Each of the second 
electrode of the piezoelectric generator, the second electrode 
One or more exemplary embodiments may provide appa-
ratuses for generating and storing electric energy in which an 
electric energy generation unit and an electric energy storage 
unit are disposed on a flexible fiber. 
40 of the DSSC, and the second electrode of the supercapacitor 
may be directly coated or wound in the form of a film on the 
nanowJres. 
The nanowires may include a metal oxide or a semicon-
ductor material having piezoelectric characteristics. The 
nanowires may be radially arranged. The fiber may include a 
flexible material. A plurality of the fibers may be connected to 
one another or weaved in the form of fabric. 
Additional exemplary aspects will be set forth in part in the 45 
description which follows and, in part, will be apparent from 
the description, or may be learned by practice of the presented 
embodiments. According to an aspect of another exemplary embodiment, 
an apparatus for generating and storing electric energy 
50 includes a fiber; an electric energy storage unit disposed on 
the fiber; and an electric energy generation unit disposed on 
the electric energy storage unit. 
According to an aspect of an exemplary embodiment, an 
apparatus for generating and storing electric energy includes 
a fiber; an electric energy generation unit disposed on the 
fiber; and an electric energy storage unit disposed on the fiber. 
The electric energy generation unit may include at least one 
of a piezoelectric generator and a dye-sensitized solar cell 
(DSSC), and the electric energy storage unit may include a 
supercapacitor. 
The electric energy storage unit may include a supercapaci-
tor, and the electric energy generation unit may include at 
55 least one of a piezoelectric generator and a DSSC. 
The supercapacitor may include a first electrode formed on 
a surface of the fiber, a plurality ofnanowires formed on the 
first electrode, a second electrode that surrounds the nanow-
ires, and an electrolyte that fills a space between the nanow-
The piezoelectric generator may include a first electrode 
formed on a surface of the fiber, a plurality of nanowires that 
are formed on the first electrode and include an oxide semi-
conductor having piezoelectric characteristics, and a second 
electrode that surrounds the nanowires. In this regard, an end 
60 ires and the second electrode. 
of each of the nanowires of the piezoelectric generator may 
form a Schottky contact with the second electrode. The piezo-
electric generator may further include a third electrode 
formed on the second electrode, a plurality of nanowires 65 
formed on the third electrode, and a fourth electrode that 
surrounds the nanowires. 
The piezoelectric generator may include a first electrode 
formed on the second electrode of the supercapacitor, a plu-
rality of nanowires formed on the first electrode, and a second 
electrode that surrounds the nanowires. 
The DSSC may include a first electrode formed on the 
second electrode of the supercapacitor, a plurality of nanow-
ires formed on the first electrode, a photosensitive dye dis-
US 9,160,197 B2 
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posed between the nanowires, a second electrode that sur-
rounds the nanowires, and an electrolyte that fills a space 
between the first electrode and the second electrode. 
BRIEF DESCRIPTION OF THE DRAWINGS 
These and/or other exemplary aspects and advantages will 
become apparent and more readily appreciated from the fol-
lowing description of exemplary embodiments, taken in con-
junction with the accompanying drawings in which: 
FIG. 1 is a perspective view of an apparatus for generating 
and storing electric energy, according to an exemplary 
embodiment; 
FIG. 2 is a cross-sectional view taken along a line II-II' of 
FIG. 1, according to an exemplary embodiment; 
FIG. 3 is a cross-sectional view taken along a line III-III' of 
FIG. 1, according to an exemplary embodiment; 
FIG. 4 is a cross-sectional view taken along a line IV-IV' of 
FIG. 1, according to an exemplary embodiment; 
4 
fiber 100. The electric energy generation unit includes a 
piezoelectric generator 110 and a dye-sensitized solar cell 
(DSSC) 130, and the electric energy storage unit includes a 
supercapacitor 120. 
The fiber 100 may include a flexible material. The fiber 100 
may be formed of a resin such as polymethylmethacrylate 
(PMMA), but is not limited thereto. The fiber 100 may 
include various materials. The fiber may have a diameter of 
micrometers, but is not limited thereto. 
10 The piezoelectric generator 110 includes a first electrode 
101 formed on a surface of the fiber 100, a plurality of nanow-
ires 105 formed on the first electrode 101, and a second 
electrode 112 that surrounds the nanowires 105. The first 
15 electrode 101 may include, for example, a highly conductive 
metal material such as Au, but is not limited thereto. The first 
electrode 101 of the piezoelectric generator 110 may also 
form a part of the DSSC 130 and the supercapacitor 120 as a 
common electrode and act as a seed layer for growing the 
FIG. 5 is a view ofa piezoelectric generator of the appara- 20 
tus of FIG. 2, according to another exemplary embodiment; 
FIG. 6 is a view of a dye-sensitized solar cell (DSSC) of the 
apparatus of FIG. 3, according to another exemplary embodi-
ment; 
nanowires 105, which will be described below. The first elec-
trode 101 may be formed by depositing a highly conductive 
metal material on the surface of the fiber 100. The nanowires 
105 may be formed of a metal oxide or a semiconductor 
material having piezoelectric characteristics. For example, 
FIG. 7 is a view ofa supercapacitorofthe apparatus of FIG. 
4, according to another exemplary embodiment; 
FIGS. SA through SC are graphs showing output signals 
according to an operation of the piezoelectric generator of the 
apparatus of FIG. 1, according to exemplary embodiments; 
FIG. 9 is a graph showing current density (J)-voltage (V) 
characteristics according to an operation of the DSSC of the 
apparatus of FIG. 1, according to an exemplary embodiment; 
FIGS. lOA through lOC are graphs showing output signals 
according to an operation of the supercapacitor of the appa-
ratus of FIG. 1, according to an exemplary embodiment; 
FIG. 11 is a perspective view ofan apparatus for generating 
and storing electric energy, according to an exemplary 
embodiment; 
FIG.12 is a perspective view ofanapparatus for generating 
and storing electric energy, according to an exemplary 
embodiment; and 
FIG. 13 is a cross-sectional view taken along a line V-V' of 
FIG. 12, according to an exemplary embodiment. 
DETAILED DESCRIPTION 
Reference will now be made in detail to exemplary 
embodiments which are illustrated in the accompanying 
drawings, wherein like reference numerals refer to like ele-
ments throughout and the size and thickness of each element 
may be exaggerated for clarity. In this regard, the presented 
exemplary embodiments may have different forms and 
should not be construed as being limited to the descriptions 
set forth herein. Expressions such as "at least one of," when 
preceding a list of elements, modify the entire list of elements 
and do not modify the individual elements of the list. 
25 the nanowires 105 may include ZnO, but are not limited 
thereto. The nanowires 105 may be formed on the first elec-
trode 101 vertically or inclined at a certain angle. Also, the 
nanowires 105 may be radially arranged on the fiber 100, but 
are not limited thereto. The nanowires 105 may be arranged in 
30 other configurations. The nanowires 105 may be grown on the 
first electrode 101 by hydrothermal synthesis or chemical 
vapor deposition (CVD). 
The second electrode 112 surrounds the nanowires 105. 
Thus, the second electrode 112 may have a cylindrical shape. 
35 The second electrode 112 may include, for example, 
graphene. Graphene is a very thin flat layer of carbon atoms 
that are two-dimensionally connected to one another. 
Graphene has high electrical conductivity and excellent ther-
mal properties, and is chemically stable. Graphene may be 
40 synthesized by CVD using a transition metal such as nickel, 
copper, or the like as a catalyst or may be obtained by peeling 
layers of graphite one at a time. Graphene may be formed in 
a single layer or may have a multi-layered structure, and is 
generally in the form of a sheet. The second electrode 112 
45 may be formed such that a graphene sheet surrounds the 
nanowires 105 formed on the fiber 100. The second electrode 
112 may include only a graphene layer or a graphene layer 
formed on a catalyst metal substrate. Examples of a material 
for forming the second electrode 112 include, other than 
50 graphene, carbon nanotubes (CNTs) having a network struc-
ture, metal nanowires having a network structure, and a metal 
thin film. The second electrode 112 may be directly coated or 
wound in the form of a film on the nanowires 105. 
In the piezoelectric generator 110, an end of each nanowire 
55 105 needs to form a Schottky contact with the second elec-
trode 112. When the nano wires 105 and the second electrode 
112 are formed of, for example, ZnO and graphene, respec-
tively, the graphene has a work function of about 4.4 to about 
4.7 eV, and ZnO has an electron affinity of about 4.1 to about 
4 .3 5 e V. Thus, a Schottky contact may be formed at a contact 
surface between the second electrode 112 formed of graphene 
and the nanowires 105 formed of ZnO. 
FIG. 1 is a perspective view of an apparatus for generating 
and storing electric energy, according to an exemplary 
embodiment. FIG. 2 is a cross-sectional view taken along a 
line II-II' of FIG. 1, according to an embodiment. FIG. 3 is a 60 
cross-sectional view taken along a line III-III' of FIG. 1, 
according to an embodiment. FIG. 4 is a cross-sectional view 
taken along a line IV-IV' of FIG. 1, according to an embodi-
ment. 
When a mechanical force such as external vibration, fric-
tion, noise, or pressure is applied to the piezoelectric genera-
65 tor 110 having the structure described above, the nanowires 
105 formed of an oxide semiconductor having piezoelectric 
characteristics are deformed. Due to the deformation of the 
Referring to FIGS. 1 through 4, the apparatus includes a 
fiber 100, an electric energy generation unit disposed on the 
fiber 100, and an electric energy storage unit disposed on the 
US 9,160,197 B2 
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nanowires 105, a potential difference between two terminals 
of each nanowire 105 occurs, thereby obtaining electric 
energy. 
6 
electrolyte 133 filled between the first electrode 131 and the 
second electrode 132 may be sealed by a sealing member (not 
shown). 
In the DSSC 130 having the above-stated structure, when 
sunlight is transmitted through the second electrode 132, 
which is transparent, and is incident on the photosensitive 
dye, electrons are released from the dye molecules 134, and 
the released electrons flow toward the second electrode 132 
through the nanowires 105, and thus electric energy is 
10 obtained. Meanwhile, the nanowires 105 may be formed on 
the second electrode 132 or on both the first electrode 101 and 
FIG. 5 is a view of a piezoelectric generator 110' of the 
apparatus of FIG. 2, having a stacked structure in which two 5 
elements are stacked, according to another exemplary 
embodiment. Referring to FIG. 5, a third electrode 113 sur-
rounds the second electrode 112, and nanowires 115 are radi-
ally disposed on the third electrode 113. A fourth electrode 
114 surrounds the nanowires 115. An insulating layer 117 
may be disposed between the second electrode 112 and the 
third electrode 113. Although not illustrated in FIG. 5, the 
second electrode 112 and the third electrode 113 may be 
integrally formed so as to form a common electrode. In FIG. 15 
5, the piezoelectric generator 110' having a stacked structure 
in which two elements are stacked is illustrated. However, the 
piezoelectric generator 110' may have a stacked structure in 
which at least three elements are stacked. 
The DSSC 130 includes the first electrode 101 formed on 20 
the second electrode 132. 
FIG. 6 is a view ofa DSSC 130' of the apparatus of FIG. 3, 
having a stack structure in which two elements are stacked, 
according to another exemplary embodiment. Referring to 
FIG. 6, a third electrode 135 surrounds the second electrode 
132, nanowires 138 are radially arranged on the third elec-
trode 135, and a fourth electrode 136 surrounds the nanowires 
138. A photosensitive dye including dye molecules 139 is 
disposed between the nanowires 138 on the third electrode 
135, and an electrolyte 131 is filled between the third elec-
trode 135 and the fourth electrode 136. An insulating layer 
137 may be disposed between the second electrode 132 and 
the third electrode 135. Although not illustrated in FIG. 6, the 
the surface of the fiber 100, a plurality of the nanowires 105 
formed on the first electrode 101, a photosensitive dye dis-
posed between the nanowires 105 on the first electrode 101, a 
second electrode 132 that surrounds the nanowires 105, and 
an electrolyte 133 that fills a space between the first electrode 
101 and the second electrode 132. The first electrode 101 may 
include a highly conductive metal material such as Au, but is 
not limited thereto. The first electrode 101 of the DSSC 130 
may be electrically connected to the first electrode 101 of the 
piezoelectric generator 110 so as to form a common elec-
trode. The nanowires 105 may consist of a metal oxide or a 
semiconductor material having piezoelectric characteristics. 
25 second electrode 132 and the third electrode 135 may be 
integrally formed so as to form a common electrode. In FIG. 
6, the DSSC 130' having a stacked structure in which two 
elements are stacked is illustrated. However, the DSSC 130' 
may have a stacked structure in which at least three elements 
30 are stacked. 
In this regard, the nanowires 105 may act as a photo anode of 
the DSSC 13 0. The nano wires 105 may be formed of the same 35 
material as that of the nanowires 105 of the piezoelectric 
generator 110. That is, the nanowires 105 of the DSSC 130 
may include, for example, ZnO. The nanowires 105 may be 
formed on the first electrode 101 vertically, may be inclined at 
a certain angle, or may be radially disposed on the fiber 100, 40 
but are not limited thereto. The photosensitive dye is formed 
between the nanowires 105. Accordingly, dye molecules 134 
may be adsorbed onto surfaces of the nanowires 105. The 
photosensitive dye may be a photosensitive dye (for example, 
N719 dye) that is generally used in a DSSC. The second 45 
electrode 132 surrounds the nanowires 105 and may consist 
of a transmissive conductive material. The second electrode 
132 may be formed of the same material as the second elec-
trode 112 of the piezoelectric generator 110, e.g., graphene. 
As described above, graphene has high electrical conductiv- 50 
ity, excellent thermal properties, and high transmittance. 
Although not illustrated in FIG. 3, a plurality of nanowires 
(not shown) may be formed on the second electrode 132 that 
faces the first electrode 101. In this case, the nanowires (not 
shown) may include ZnO. The nanowires (not shown) may be 55 
grown on the second electrode 132 formed of graphene. 
Examples of a material for forming the second electrode 132 
include, other than graphene, other conductive materials, for 
example, CNTs having a network structure, metal nanowires 
having a network structure, and a metal thin film. The second 60 
electrode 132 may be directly coated or wound in the form of 
a film on the nanowires 105. 
The electrolyte 133 may be filled between the first elec-
trode 101 and the second electrode 132. The electrolyte 133 
may be an electrolyte that is used in a general DSSC, for 65 
example, a liquid electrolyte containing 0.5 M Lil, 50 mM 12, 
and 0.5 M 4-terbutylpyridine in 3-methoxypropionitrile. The 
The supercapacitor 120, as shown in FIG. 4, includes the 
first electrode 101 formed on the surface of the fiber 100, a 
plurality of the nanowires 105 formed on the first electrode 
101, a second electrode 122 that surrounds thenanowires 105, 
and an electrolyte 123 that fills a space between the nanowires 
105 and the second electrode 122. 
The first electrode 101 may include a highly conductive 
metal material such as Au, but is not limited thereto. The first 
electrode 101 of the supercapacitor 120 may be electrically 
connected to the first electrode 101 of the piezoelectric gen-
erator 110 and the first electrode 101 of the DSSC 130 so as to 
form a common electrode. The nanowires 105 may consist of 
an oxide semiconductor. The nanowires 105 may increase a 
specific surface area of an electrical double layer in the super-
capacitor 120. The nanowires 105 may consist of the same 
material as that of the nanowires 105 of the piezoelectric 
generator 110 and the DSSC 130. That is, the nanowires 105 
may include a metal oxide or a semiconductor material hav-
ing piezoelectric characteristics. For example, the nanowires 
105 may include ZnO. The nanowires 105 may be formed on 
the first electrode 101 vertically or inclined at a certain angle, 
or may be radially arranged on the fiber 100, but are not 
limited thereto. 
The second electrode 122 may surround the nanowires 
105. The second electrode 122 may consist of the same mate-
rial as that of the second electrode 112 of the piezoelectric 
generator 110 and the second electrode 132 of the DSSC 130 
(for example, graphene, CNTs, or metal nanowires). The 
second electrode 122 may be directly coated or wound in the 
form of a film on the nanowires 105. The electrolyte 123 may 
be filled between the nanowires 105 and the second electrode 
122. In this regard, the electrolyte 123 may be an electrolyte 
that is used in a general supercapacitor, for example, a poly-
mer gel electrolyte or a liquid electrolyte such as KN03 or 
H2 S04 . The electrolyte 123 filled between the nanowires 105 
and the second electrode 122 may be sealed by a sealing 
member (not shown). When a current is introduced into the 
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supercapacitor 120 having the above-stated structure through 
the first electrode 101, electric energy may be stored therein. 
8 
FIG. 7 is a view of a supercapacitor 120' of the apparatus of 
FIG. 4, having a stacked structure in which two elements are 
stacked, according to another exemplary embodiment. Refer- 5 
ring to FIG. 7, a third electrode 124 surrounds the second 
electrode 122, nanowires 126 are radially arranged on the 
third electrode 124, and a fourth electrode 125 surrounds the 
nanowires 126. An insulating layer 127 may be disposed 
between the second electrode 122 and the third electrode 124. 10 
output current is approximately 2 nA. Referring to FIG. S, a 
measured maximum open-circuit output voltage was 
approximately 7 m V. 
FIG. 9 is a graph showing current density (J)-voltage (V) 
characteristics according to an operation of the DSSC 130 of 
the apparatus illustrated in FIG. 1, according to an exemplary 
embodiment. The length and effective area of the fiber 100 
surrounded by the graphene electrode are 5 mm and 0.035 
cm2 , respectively. Referring to FIG. 9, a short-circuit current 
density and an open-circuit voltage are 0.35 mA/cm2 and 0.17 
V, respectively, and a fill factor FF is 0.39. Accordingly, the Although not illustrated in FIG. 7, the second electrode 122 
and the third electrode 124 may be integrally formed so as to 
form a common electrode. In FIG. 7, the supercapacitor 120' 
having a stacked structure in which two elements are stacked 
is illustrated. However, the supercapacitor 120' may have a 
stacked structure in which at least three elements are stacked. 
An apparatus for generating and storing electric energy 
according to one or more exemplary embodiments may be 
manufactured as follows. 
A fiber formed of PMMA having a diameter of approxi-
mately 220 µmis used as the fiber 100, and the first electrode 
101 is formed to a thickness of about 300 nm by depositing 
via sputtering an Au layer on the surface of the fiber 100. 
Nanowires consisting ofZnO are grown on the first electrode 
101 by using a general hydrothermal synthesis method. In 
particular, the fiber 100 with the Au layer deposited thereon is 
immersed in a mixed solution ofhexahydrate and hexameth-
ylenetetramine (HMTA), and a growth temperature and 
growth time are then set at 80° C. and 18 hours to grow the 
ZnO nanowires on the Au layer. The grown ZnO nanowires 
have a diameter of about 500 to about 700 nm and a length of 
about 6 µm. The second electrodes 112, 122, and 132 are 
graphene electrodes, and the graphene electrodes are formed 
by growing graphene on a Cu mesh substrate by CVD. The 
ZnO nanowires of the DSSC 130 are grown on the graphene 
electrode by hydrothermal synthesis. A liquid electrolyte 
containing 0.5 M Lil, 50 mM I2 , and 0.5 M 4-terbutylpyridine 
in 3-methoxypropionitrile is used as the electrolyte 133 
included in the DSSC 130, and a 0.5 mM N719 dye solution 
is used as the photosensitive dye. A PVA/H3 P04 gel electro-
lyte is used as the electrolyte 123 of the supercapacitor 120. 
Output signals of the piezoelectric generator 110, the 
DSSC 130, and the supercapacitor 120 of the apparatus 
manufactured using the method described above are illus-
trated in FIGS. SA through SC, 9, and lOA through lOC, 
respectively. The results illustrated in FIGS. SA through SC, 
9, and lOA through lOC show output signals according to 
operations of the piezoelectric generator 110, the DSSC 130, 
and the supercapacitor 120, respectively, of the apparatus of 
FIG. 1. 
FIGS. SA through SC are graphs showing output signals 
according to an operation of the piezoelectric generator 110 
DSSC 130 exhibits an energy conversion efficiency of 
approximately 0.02%. 
FIGS. lOA through lOC are graphs showing output signals 
15 according to an operation of the supercapacitor 120 of the 
apparatus of FIG. 1, according to exemplary embodiments. In 
particular, FIG. lOA illustrates cyclic voltannnetry of the 
supercapacitor 120 at a voltage scan rate of 100 mV/s, FIG. 
lOB illustrates area specific capacitance CA and length spe-
20 cific capacitance CL of the supercapacitor 120 at a voltage 
scan rate of 100 mV/s, and FIG. lOC illustrates a galvano-
static charge-discharge curve at a charge-discharge current of 
1 µA. The length and effective area of the fiber 100 sur-
rounded by the graphene electrode are 5 mm and 0.035 cm2 , 
25 respectively. The cyclic voltammetry of the supercapacitor 
120 illustrated in FIG. lOA exhibits relatively good electro-
chemical stability and capacitance. Referring to FIG. lOB, it 
is confirmed that the area specific capacitance CA of the super-
capacitor 120 reaches approximately 0.4 mF/cm2 , and the 
30 length specific capacitance CL of the supercapacitor 120 
reaches approximately 0.025 mF/cm. The galvanostatic 
charge-discharge curve illustrated in FIG. lOC has a typical 
triangular shape. 
As described above, an apparatus for generating and stor-
35 ing electric energy may have an integrated structure in which 
the piezoelectric generator 110, the DSSC 130, and the super-
capacitor 120 are formed on the fiber 100, which is flexible. 
The apparatus may easily convert energy generated from the 
environment into electric energy, and may be manufactured 
40 on a nano-scale level by microminiaturization. In addition, an 
apparatus for generating and storing electric energy having 
various shapes and consisting of various materials may be 
manufactured using the flexible fiber 100. That is, an appara-
tus in which a plurality of the fibers 100 are connected to one 
45 another or weaved in the form of fabric may be manufactured. 
Accordingly, a flexible, stretchable, and multi-functional 
apparatus for generating and storing electric energy may be 
manufactured. 
In the above-described exemplary embodiments, the elec-
50 tric energy generation unit includes both the piezoelectric 
generator 110 and the DSSC 130. However, the electric 
energy generation unit may include one of the piezoelectric 
generator 110 and the DSSC 130. As illustrated in FIG. 1, the 
supercapacitor 120 is disposed between the piezoelectric gen-of the apparatus of FIG. 1, according to exemplary embodi-
ments. In particular, FIG. SA is a curve showing current 
(I)-voltage (V) characteristics of the piezoelectric generator 
110, indicating a Schottky contact between the ZnO nanow-
ires and the graphene electrode. FIG. SB is a graph showing a 
short-circuit output current of the piezoelectric generator 
110, and FIG. SC is a graph showing an open-circuit output 
current of the piezoelectric generator 110. The length of the 
fiber surrounded by the graphene electrode was approxi-
mately 5 mm, and a mechanical signal having a frequency of 
about 5 Hz was applied to the piezoelectric generator 110. 
Referring to FIG. SB, the short-circuit output current, which 65 
is a response with respect to mechanical vibration, exhibits 
sharp current peaks, and a measured maximum short-circuit 
55 erator 110 and the DSSC 130. However, the supercapacitor 
120 may be disposed at another position. In the above-de-
scribed exemplary embodiments, the first electrode 101 
formed on the surface of the fiber 100 is used as a common 
electrode of the piezoelectric generator 110, the DSSC 130, 
60 and the supercapacitor 120. In this case, electric energy (for 
example, electric energy having a DC signal or a signal con-
verted to DC) generated by the piezoelectric generator 110 or 
the DSSC 130 may be stored in the supercapacitor 120 
through the first electrode 101, which is a common electrode. 
FIG.11 is a perspective view of an apparatus for generating 
and storing electric energy, according to another exemplary 
embodiment. In the apparatus for generating and storing elec-
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tric energy of FIG. 11, a first electrode lOla of the piezoelec-
tric generator 110, a first electrode 1 Olb of the DSSC 130, and 
a first electrode lOlc of the supercapacitor 120 may be dis-
connected from one another. The apparatus of FIG. 11 may be 
manufactured by disconnecting the piezoelectric generator 
110, the DSSC 130, and the supercapacitor 120 of the appa-
ratus of FIG. 1 from one another by etching. In such an 
apparatus in which the first electrode lOla of the piezoelec-
tric generator 110, the first electrode lOlb of the DSSC 130, 
and the first electrode lOlc of the supercapacitor 120 are 10 
disconnected from one another, when electric energy gener-
ated by the DSSC 130 or the piezoelectric generator 110 has 
10 
second electrode 232. The first electrode 231 of the DSSC 230 
may include a highly conductive metal, graphene, CNTs, or 
metal nanowires. The nanowires 235 may consist of a metal 
oxide or a semiconductor material having piezoelectric char-
acteristics. The second electrode 232 of the DSSC 230 may 
include graphene, CNTs, or metal nanowires. The photosen-
sitive dye including dye molecules may be disposed between 
the nanowires 235, and the electrolyte 233 may be filled 
between the first electrode 231 and the second electrode 232. 
In the apparatus having the structure as described above, 
electric energy generated by each of the piezoelectric genera-
tor 210 and the DSSC 230 may be stored in the supercapacitor 
220. When electric energy generated by the DSSC 230 or the 
piezoelectric generator 210 has an AC signal, the AC signal 
an AC signal, the AC signal may be converted to a DC signal 
through a rectifier (not shown) and then stored in the super-
capacitor 120. 
FIG.12 is a perspective view ofanapparatus for generating 
and storing electric energy, according to an exemplary 
embodiment. FIG. 13 is a cross-sectional view taken along a 
line V-V' of FIG. 12, according to an exemplary embodiment. 
15 may be converted to a DC signal through a rectifier (not 
shown) and then stored in the supercapacitor 220. As illus-
trated in FIGS. 12 and 13, the electric energy generation unit 
includes the piezoelectric generator 210 and the DSSC 230. 
Referring to FI GS. 12 and 13, the apparatus includes a fiber 20 
200, an electric energy storage unit disposed on the fiber 200, 
and an electric energy generation unit disposed on the electric 
energy storage unit. In this regard, the electric energy storage 
unit may include a supercapacitor 220, and the electric energy 
generation unit may include a piezoelectric generator210 and 25 
a DSSC 230. 
However, the electric energy generation unit may include 
only one of the piezoelectric generator 210 and the DSSC 
230. 
As described above, according to the one or more exem-
plary embodiments, an apparatus for generating and storing 
electric energy includes a structure in which an electric 
energy generation unit and an electric energy storage unit are 
integrally formed on a flexible fiber, and thus may easily 
convert energy generated from the environment into electric 
energy and be manufactured on a nano-scale level by micro-
miniaturization. In addition, an apparatus for generating and 
The supercapacitor 220 includes a first electrode 201 
formed on a surface of the fiber 200, a plurality ofnanowires 
225 formed on the first electrode 201, a second electrode 222 
that surrounds the nanowires 225, and an electrolyte 223 
filled between the nanowires 225 and the second electrode 
222. The fiber 200 may include a flexible material, and the 
first electrode 201 may include a highly conductive metal 
material. The nanowires 225 may consist of a metal oxide or 
30 storing electric energy that has various shapes and consists of 
various materials may be manufactured using the flexible 
fiber. 
a semiconductor material having piezoelectric characteris- 35 
tics, and may be formed on the first electrode 201 vertically or 
inclined at a certain angle. The nanowires 225 may also be 
radially arranged on the fiber 200, but are not limited thereto. 
The second electrode 222 surrounds the nanowires 225. 
The second electrode 222 may include, for example, 40 
graphene, CNTs, or metal nanowires. The second electrode 
222 may be directly coated or wound in the form of a film on 
the nanowires 225. The electrolyte 223 may be filled between 
the nanowires 225 and the second electrode 222. 
The piezoelectric generator 210 includes a first electrode 45 
211 formed on the second electrode 222 of the supercapacitor 
220, a plurality of nanowires 215 formed on the first electrode 
211, and a second electrode 212 that surrounds the nanowires 
215. The first electrode 211 of the piezoelectric generator 210 
may include a highly conductive metal, graphene, CNTs, or 50 
metal nanowires. The nanowires 215 may consist of a metal 
oxide or a semiconductor material having piezoelectric char-
acteristics. The second electrode 212 of the piezoelectric 
generator 210 may include graphene, CNTs, or metal nanow-
ires. An insulating layer 250 may be disposed between the 55 
second electrode 222 of the supercapacitor 220 and the first 
electrode 211 of the piezoelectric generator 210. Although 
not illustrated inFIGS.12and13, the second electrode 222 of 
the supercapacitor 220 and the first electrode 211 of the 
piezoelectric generator 210 may be integrally formed so as to 60 
form a common electrode. 
It should be understood that the exemplary embodiments 
described herein should be considered in a descriptive sense 
only and not for purposes of limitation. Descriptions of fea-
tures or aspects within each embodiment should typically be 
considered as available for other similar features or aspects in 
other embodiments. 
What is claimed is: 
1. An apparatus for generating and storing electric energy, 
the apparatus comprising: 
a fiber; 
an electric energy generation unit disposed around the 
fiber; and 
an electric energy storage unit which is disposed around the 
fiber and includes a supercapacitor, 
wherein the supercapacitor comprises a first electrode 
formed on a surface of the fiber, a plurality of nanowires 
formed on the first electrode, a second electrode that 
surrounds the plurality of nanowires, and an electrolyte 
that fills a space between the plurality of nanowires and 
the second electrode. 
2. The apparatus of claim 1, wherein the electric energy 
generation unit comprises at least one of a piezoelectric gen-
erator and a dye-sensitized solar cell (DSSC). 
3. The apparatus of claim 2, wherein the piezoelectric 
generator comprises a first electrode formed on a surface of 
the fiber, a plurality of nanowires formed on the first elec-
trode, and a second electrode that surrounds the nanowires. 
4. The apparatus of claim 3, wherein an end of each of the 
plurality ofnanowires of the piezoelectric generator forms a 
Schottky contact with the second electrode. The DSSC 230 includes a first electrode 231 formed on the 
second electrode 222 of the supercapacitor 220, a plurality of 
nanowires 235 formed on the first electrode 231, a photosen-
sitive dye disposed between the nanowires 235, a second 
electrode 232 that surrounds the nanowires 235, and an elec-
trolyte 233 filled between the first electrode 231 and the 
5. The apparatus of claim 3, wherein the piezoelectric 
generator further comprises a third electrode formed on the 
65 second electrode, a plurality of nanowires formed on the third 
electrode, and a fourth electrode that surrounds the narrow-
Jres. 
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6. The apparatus of claim 2, wherein the DSSC comprises 
a first ele~trode formed on the surface of the fiber, a plurality 
of nanowJres formed on the first electrode, a photosensitive 
dye disposed between the plurality of nanowires, a second 
electrode that surrounds the nanowires, and an electrolyte that 
fills a space between the first electrode and the second elec-
trode. 
12 
an electric energy generation unit disposed around the 
electric energy storage unit, 
wherein the supercapacitor comprises a first electrode 
formed on a surface of the fiber, a plurality of nanowires 
formed on the first electrode, a second electrode that 
surrounds the nanowires, and an electrolyte that fills a 
space between the plurality of nanowires and the second 
electrode. 7. The apparatus of claim 6, wherein a plurality of nanow-
ires are formed between the first electrode and the second 
electrode. 10 
20. The apparatus of claim 19, wherein the electric energy 
generation unit comprises at least one of a piezoelectric gen-
erator and a dye-sensitized solar cell (DSSC). 8. The apparatus of claim 6, wherein the DSSC further 
comprises a third electrode formed on the second electrode a 
plurality of nanowires formed on the third electrode, a ph~­
tosensitive dye disposed between the plurality of nanowires, 
a fourth electrode that surrounds the plurality of nanowires, 15 
and an electrolyte that fills a space between the third electrode 
and the fourth electrode. 
9. The apparatus of claim 1, wherein the supercapacitor 
further comprises a third electrode formed on the second 
electrode, a plurality of nanowires formed on the third elec- 20 
trade, a fourth electrode that surrounds the plurality of 
nanowires, and an electrolyte that fills a space between the 
plurality of nanowires and the fourth electrode. 
10. The apparatus of claim 9, wherein the first electrode of 
the piezoelectric generator, the first electrode of the DSSC 25 
and the first electrode of the supercapacitor are electricall; 
connected to one another so as to form a common electrode. 
11. The apparatus of claim 9, wherein the first electrode of 
the piezoelectric generator, the first electrode of the DSSC 
and the first electrode of the supercapacitor are electricall; 30 
disconnected from one another. 
12. The apparatus of claim 9, wherein the first electrode of 
the piezoelectric generator, the first electrode of the DSSC 
and the first electrode of the supercapacitor each comprise~ 
metal material. 
13. The apparatus of claim 9, wherein the second electrode 
of the piezoelectric generator, the second electrode of the 
DSSC, and the second electrode of the supercapacitor each 
comprise one of graphene, carbon nanotubes (CNTs), and 
metal nanowires. 
35 
40 
21. The apparatus of claim 20, wherein the piezoelectric 
generator comprises a first electrode formed on the second 
electrode of the supercapacitor, a plurality of nanowires 
formed on the first electrode, and a second electrode that 
surrounds the plurality of nanowires. 
22. The apparatus of claim 20, wherein the DSSC com-
prises a first electrode formed on the second electrode of the 
supercapacitor, a plurality of nanowires formed on the first 
electrode, a photosensitive dye disposed between the plural-
ity of nanowires, a second electrode that surrounds the plu-
rality of nanowires, and an electrolyte that fills a space 
between the first electrode and the second electrode. 
23. An apparatus for generating and storing electricity, the 
apparatus comprising: 
a flexible fiber; 
an electric energy generation unit; and 
a supercapacitor comprising a first electrode formed 
around the fiber, a first plurality of nanowires formed on 
the first electrode, a second electrode formed around the 
plurality of nanowires, and an electrolyte that fills a 
space between the plurality of nanowires and the second 
electrode. 
24. T.he ap~aratus o~ claim 23, wherein the electric energy 
?enerat10n umt compnses a piezoelectric generator compris-
mg: 
a third electrode formed around the fiber, a second plurality 
of nanowires formed on the third electrode, and a fourth 
electrode that surrounds the second plurality ofnanow-
ires, wherein an end of each of the second plurality of 
nanowires forms a Schottky contact with the fourth elec-
trode. 
14. The apparatus of claim 9, wherein each of the second 
electrode of the piezoelectric generator, the second electrode 
?ft~e DSSC, and the second electrode of the supercapacitor 
1s dJrectly coated over or wound in the form of a film around 
the plurality ofnanowires. 
15. The apparatus of claim 9, wherein the plurality of 
nanowires comprise a metal oxide or a semiconductor mate-
rial having piezoelectric characteristics. 
25. The apparatus of claim 24, wherein the first electrode 
45 ~nd the third electrode are electrically connected, this form-
mg a common electrode. 
16. The apparatus of claim 9, wherein the plurality of 
nanowires are radially arranged. 
17. The apparatus of claim 1, wherein the fiber comprises a 
flexible material. 
18. The apparatus of claim 1, wherein a plurality of the 
fibers are connected to one another or weaved in the form of 
fabric. 
19. An apparatus for generating and storing electric energy, 
the apparatus comprising: 
a fiber; 
an electric energy storage unit which is disposed around the 
fiber and includes a supercapacitor; and 
50 
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26. The apparatus of claim 23, wherein the electric energy 
genera~i?n unit comprises a dye-sensitized solar cell (DSSC) 
compnsmg: 
a third electrode formed around the fiber, a second plurality 
of nanowires formed on the third electrode, a photosen-
sitive dye disposed between the second plurality of 
nanowires, a fourth electrode that surrounds the second 
plurality of nanowires, and an electrolyte that fills a 
space between the third electrode and the fourth elec-
trode. 
27. The apparatus of claim 26, wherein the first electrode 
~nd the third electrode are electrically connected, this form-
mg a common electrode. 
* * * * * 
